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Introduction {#sec1}
============

The electric energy significantly changed the human society for centuries since the crucial discovery of electromagnetic induction by Michael Faraday, who revealed the connection between magnetism and electricity in 1831 ([@bib7]). In the electromagnetic generator, electricity was generated when an electrical conductor passed through a magnetic field. Before that, electric generators were mainly referred to electrostatic generators under the operation principles of electrostatic induction and triboelectric effect ([@bib43]). Recently, the piezoelectric and triboelectric nanogenerators have drawn much attention ([@bib47], [@bib6]), which were able to convert mechanical and vibrating energy into electricity ([@bib33], [@bib45]). The triboelectricity utilizes the displacement current in the Maxwell equation, which cannot flow freely through the insulating dielectric materials, limiting its current output density ([@bib46]). With the rapid development of intelligent and wearable electronic devices putting forward new requirements for in situ energy acquisition technology, it is imperative to search for a portable and integrated electric generator with high current density and stability, which remains as the bottleneck of the current generators without high magnetic field under dark environment ([@bib23], [@bib46], [@bib57], [@bib58]). Hence, a fundamental physical picture distinct from traditional generators is in urgent need to achieve a breakthrough of portable energy harvesting devices ([@bib11], [@bib34], [@bib1]).

The understanding of electron behavior not only advances the information society, but also satisfies the electrical energy requirements for human society. Since the discovery of the PN junction in 1940s ([@bib37]), many related applications have been explored such as integrated circuits and optoelectronic devices ([@bib3], [@bib19], [@bib22], [@bib36], [@bib49]). However, most applications are focused on the static PN structure and there has little exploration on the dynamic PN junction both in information and energy fields ([@bib31], [@bib2]). Recently, high current density direct-current generators have been discovered, which attracts intense attention ([@bib10], [@bib23], [@bib59], [@bib27], [@bib28], [@bib29], [@bib38], [@bib39], [@bib40]). Specifically, we have proposed a physical picture based on the semiconductor physics rather than the triboelectric theory at the interface ([@bib10], [@bib23], [@bib59]). To establish a systematic theoretical framework, a dynamic semiconductor/semiconductor structure, especially the "dynamic PN junction" defined by moving one N-type semiconductor over one P-type semiconductor, should be thoroughly explored, which does not involve metal and insulating polymeric material at all. Herein, a dynamic PN junction-based generator has been achieved, which involves two semiconductors with different Fermi levels ([@bib60]). In the front part of the dynamic PN junction, the electrons and holes will diffuse to p-type and n-type semiconductors, respectively, establishing the built-in electric field. In the rear part of the dynamic PN junction, the diffusing electrons/holes will lose their path for diffusing and then are reflected by the built-in field, thus breaking the balance between diffusing current and drifted current. This carrier transport in the rear part of the dynamic PN junction can be understood by charging capacitance of the PN junction, whereas the rebounding process of the electrons/holes can be understood by the discharging process of the PN junction ([@bib12]). When we move N-type GaAs on P-type Si, the destruction of the PN junction will narrow down the space charge region and bound back the space charge to the P-type Si and N-type GaAs, respectively, generating high-energy hot carriers under the ultrahigh built-in electric field. As a result of the rebounding effect, the quasi Fermi level of the dynamic PN junction is different from the equilibrium Fermi level of the static PN junction, leading to the potential difference and output voltage, which is positively related to the barrier height. Notably, the static PN junction is a minority carrier device, where drift and diffusion current balance fight against each other ([@bib22]), whereas the dynamic PN junction is found as a majority carrier device as the majority carriers contribute to the net current output. So the barrier capacitance is the main factor of our dynamic PN junction. In addition, the barrier height of the PN junction can be much larger than the Schottky diode as the Fermi level difference between N-type and P-type semiconductors can be several times that of metal and semiconductor, leading to a higher voltage larger than 1.0 V.

Furthermore, through inserting the dielectric layer into the dynamic PN junction interface, a higher voltage output can be realized, which is delicately designed and numerically calculated according to the energy level difference between the valence band of P-type semiconductor and the valence band of dielectric layer. The electrical properties of static P-i-N structure generator with different thickness and types of insulating layer have been explored ([@bib20], [@bib41]). The choice of different kinds of dielectric layer leads to a variable barrier height at the interface, which acts as the barrier for the carriers charging/discharging in P-i-N junction capacitance. With the increasing of barrier height, more electrons and holes with higher energy will be rebounded back and speeded up in the depletion region, which can also be understood from the point view of the discharging process with increased P-i-N barrier capacitance ([@bib30], [@bib18]), leading to enhanced voltage output as high as the energy level difference between the valence band of semiconductor and the conduction band of dielectric layer. Herein, we designed a hot electron-induced dynamic MoS~2~/AlN/Si generators with higher open-circuit voltage (V~oc~) of 5.1 V, high short-circuit current density (J~sc~) of 112.0 A/m^2^ (11.2 mA/cm^2^), high power density of 130.0 W/m^2^, and high energy-conversion efficiency of 32.5%, which can light up the light-emitting diodes (LEDs) without any external rectifying circuits and energy storage units timely and directly. This dynamic MoS~2~/AlN/Si generator can work continuously for 60 min, which demonstrates it can harvest electric energy from the mechanical movement as long as the built-in field dynamically disappears and is re-established. This dynamic PN junction generator also shines in ultrahigh current density, which is orders of magnitude higher than triboelectric nanogenerators (∼10^3^ times) and piezoelectric nanogenerators (∼10^4^ times) ([@bib46], [@bib48]). Connected in series or in parallel, this dynamic PN junction generator is found to be highly reliable and can effectively increase the output voltage or current. Specifically, two and three dynamic P-Si/N-GaAs generators in series can effectively output a voltage of 6.1 and 9.0 V, respectively, indicating the linear superposition effect and integration potential of our devices. And the current output is positively proportional to the working area but the current density is almost the same under small contact area condition, indicating that the current output can be improved by designing the interface array structure. For convenience, we refer both the dynamic PN junction without inserting dielectric layer and P-i-N junction with insulating layer at the PN interface as the dynamic PN junction. However, in some cases, the P-i-N junction is specifically noted for illustrating the effect of insulating layer.

Results {#sec2}
=======

A Dynamic GaAs/Si Junction-Based Direct Current Generator {#sec2.1}
---------------------------------------------------------

As a representative dynamic PN generator, the schematic structure of the dynamic GaAs/Si generator is illustrated in [Figure 1](#fig1){ref-type="fig"}A. The N-type GaAs wafer was pressed on the P-type Si substrate compactly with a 6.0 N force, which showed typical rectification behavior with a low leakage current density of 1.5 μA/cm^2^ under the bias voltage of −3 V ([Figure 1](#fig1){ref-type="fig"}B). The work function of N-type GaAs and P-type Si used here is 4.10 and 5.12 eV (the calculation is listed in [Supplemental Information](#mmc1){ref-type="supplementary-material"}), respectively. Accordingly, since the work function of N-GaAs is smaller than that of P-Si, a built-in electric field will be formed between N-GaAs and P-Si substrates when they contact each other. Primarily, the N-type GaAs was dragged along the surface of the P-type Si and a maximal V~oc~ up to 0.7 V was observed, which was independent of the working area. The dynamic P-Si/N-Si and P-Si/N-GaN junctions can also output voltage signal as well as the P-Si/N-GaAs junction, among which the V~oc~ of the P-Si/N-GaAs junction is the highest, which is seven times that of the dynamic P-Si/N-Si generator ([Figure 1](#fig1){ref-type="fig"}C). The Fermi levels of N-Si and N-GaN are about 4.28 and 4.35 eV (the calculation is listed in [Supplemental Information](#mmc1){ref-type="supplementary-material"}), so the generated voltage direction of P-Si/N-Si and P-Si/N-GaN generators is similar to that of the P-Si/N-GaAs generator, revealing that the voltage output is correlated with the Fermi level location (many other semiconductors are also explored in [Figure S1](#mmc1){ref-type="supplementary-material"}). The noteworthy finding is that only limited noise electricity can be produced when moving one piece of P-type Si over another P-type Si with the same Fermi level ([Figure S2](#mmc1){ref-type="supplementary-material"}), further demonstrating that the voltage output is related with the Fermi level location. [Figure 1](#fig1){ref-type="fig"}D shows that the current output is positively proportional to the working area under small contact area condition, indicating the current output can be improved by designing the interface array structure. For the GaAs/Si dynamic PN generator with a working area of 1.0 mm^2^ (2 cm × 0.05 mm), a maximal I~sc~ up to 1.8 μA was observed primitively, which was positively related to the movement speed within limits (as shown in [Figure S3](#mmc1){ref-type="supplementary-material"}). The J~sc~ up to 1.8 A/m^2^ can be calculated accordingly, which is orders of magnitude higher than that of the reported polymer-based triboelectric nanogenerators (in the order of 10^−1^ A/m^2^) and piezoelectric generators (in the order of 10^−2^ A/m^2^) ([@bib46], [@bib48]). Furthermore, the relationship between the V~oc~/I~sc~ and the force exerted on the device is explored, as shown in [Figure 1](#fig1){ref-type="fig"}E. The V~oc~/I~sc~ increases and then decreases with the increase of exerted force, and a force of 6.0 N is found as the optimal choice ([Figure 1](#fig1){ref-type="fig"}E), where the N-GaAs and P-Si can achieve the best rectification characteristic (as shown in J-V curves of the P-Si/N-GaAs junction under different forces in [Figure S4](#mmc1){ref-type="supplementary-material"} and N~IF~ in [Supplemental Information](#mmc1){ref-type="supplementary-material"}). The 3D diagram for converting mechanical energy into electrical energy by the dynamic PN junction is shown in [Figure 1](#fig1){ref-type="fig"}F, which can work in linearly reciprocating mode or circularly rotating mode. [Figures 1](#fig1){ref-type="fig"}G and 1H show the I~sc~ of the generator in linearly reciprocating mode and circularly rotating mode, respectively. It can be seen that the linear reciprocating mode outputs a pulsed current, which is the result of the inevitable acceleration and deceleration of the GaAs wafer motion. In contrast, when the GaAs wafer is continuously and evenly moving under the circularly rotating mode, it outputs a sustainable direct current.Figure 1Experimental Designs and Results of the Dynamic PN Generator(A) The schematic illustration of the dynamic P-Si/N-GaAs generator.(B) The J-V curve of the static P-Si/N-GaAs junction with a 6.0 N force. The contact area is 1.0 mm^2^. Inset: The circuit diagram of P-Si/N-GaAs junction.(C) The V~oc~ of dynamic P-Si/N-Si, P-Si/N-GaN, P-Si/N-GaAs generator with a speed of 5.0 cm/s and a 6.0 N force.(D) The I~sc~ and J~sc~ of dynamic P-Si/N-GaAs generator under different contact area, with a 6.0 N force and a speed of 5.0 cm/s.(E) The V~oc~ and I~sc~ of dynamic P-Si/N-GaAs generator with different force exerted on the junction in a speed of 5.0 cm/s.(F) Experimental design and 3D diagram for converting mechanical energy into electrical energy by a dynamic PN junction. The bottom inset shows the linearly reciprocating and circularly rotating modes of the generator, respectively.(G) The I~sc~ of dynamic P-Si/N-GaAs generator under the linearly reciprocating mode with a 6.0 N force and a speed of 5.0 cm/s.(H) The I~sc~ of dynamic P-Si/N-GaAs generator under circularly rotating mode with a 6.0 N force and a speed of 5.0 cm/s.All data represent the mean ± SEM. For the line chart in (E), voltage and current were obtained using repeated measures.

Work Mechanism Based on Dynamic PN Junction Capacitance {#sec2.2}
-------------------------------------------------------

As shown in [Equations 1](#fd1){ref-type="disp-formula"}, [2](#fd2){ref-type="disp-formula"}, and [3](#fd3){ref-type="disp-formula"}, the electron current density of the PN junction consists of $J_{n}^{drift}$and $J_{n}^{diff}$, which is opposite and canceled out. At the static PN junction, the drift current will quickly balance with the diffusion current as the P-type side stably contacts with N-type side, which is equivalent to a PN junction capacitance charge process. The PN junction capacitance is divided into two parts, barrier capacitance and diffusion capacitance. Because our dynamic PN junction works as a majority carrier device rather a minority carrier device like static PN junction, the barrier capacitance is the main factor of the dynamic PN junction. Actually, for the P-Si/N-GaAs junction, the drift and diffusion electron current can be described as follows ([@bib55]):$$J_{n}^{drift} = qnu_{n}\text{E}$$$$J_{n}^{diff} = qD_{n}\nabla n$$$$J_{n} = J_{n}^{drift} + J_{n}^{diff} = qnu_{n}\text{E} + qD_{n}\nabla n$$where $J_{n}^{drift}$, $J_{n}^{diff}$, *J*~*n*~, *μ*~*n*~, *D*~*n*~ are the drift electron current, the diffusion electron current, the electron current density, the electron mobility, and the electron diffusion coefficient of GaAs and Si, respectively. *E* is the built-in electric field, *q* is the elementary charge, *n* is the position-dependent electron density in GaAs or Si. When the GaAs wafer moves along the Si substrate, there is a dynamic process of disappearing of the depletion layer in the rear end and the re-establishment of the depletion layer in the front end. In macro scale, the effective working area of the dynamic PN junction is assumed as the contact area of the GaAs wafer and Si substrate during the movement, which remains unchanged. However, the dynamic process of the generation and disappearance of the depletion layer in the dynamic GaAs/Si junction will break up the static carrier distribution equilibrium. The destruction of the PN junction will narrow down the space charge region and reflect the apace electrons/holes, which is equivalent to capacitance discharge process. As schematically shown in [Figure 2](#fig2){ref-type="fig"}A, the electrons and holes will be rebounded back to the N-type GaAs and P-type Si, respectively, generating high-energy hot electrons and holes and current output under the acceleration of the strong built-in electric field. The J-V curve of the dynamic N-GaAs/P-Si junction from −5 to 5 V was measured and showed in [Figure 2](#fig2){ref-type="fig"}B, where current response oscillates as voltage increases. The destruction of the PN junction leads to the decrease of the basal current density of the dynamic PN junction compared with the static one, as shown by the green line in [Figure 2](#fig2){ref-type="fig"}B. There are two reasons for the fluctuation or oscillation of the dynamic J-V curve in [Figure 2](#fig2){ref-type="fig"}B, one is the variation of the force applied and the other is the interaction between the reflecting charging carriers and the drifted carriers by external field. The forward bias voltage-induced carriers will bump with the reflecting carriers randomly, which will superpose on this J-V curve of the dynamic N-GaAs/P-Si junction. So this fluctuation is partially caused by the strong interaction between the mechanical energy-induced carriers and electric field-generated carriers of the dynamic PN junction, which provides the platform for using both field energy and mechanical energy. The periodical current oscillation that superposes on this direct-current output can be ascribed to the variation of the force applied on the dynamic PN junction, which behaves as a stable periodicity under the circularly rotating mode. Because our dynamic PN junction works as a majority carrier device rather than a minority carrier device like the static PN junction, the output current density of the dynamic PN junction generator is rather high ([@bib46], [@bib48]). The detailed band-gap alignment between P-Si and N-GaAs and transportation of the bounding back electrons and holes are proposed and showed in [Figure 2](#fig2){ref-type="fig"}C. The direction of built-in electric field is from N-GaAs to P-Si as a result of electron diffusion from N-GaAs to P-Si. When the N-GaAs wafer is dragged on the P-Si substrate, there is a discharging process of the dynamic PN junction. As a result, the quasi Fermi level of the dynamic PN junction is under non-equilibrium state, different from the equilibrium Fermi level of the static PN junction, leading to the potential difference and output voltage, which is positively related to the interface barrier height.Figure 2The Physical Mechanism Based on Dynamic PN Junction Capacitance under the Built-in Electric Field in Dynamic PN Junctions(A) The schematic diagram of the dynamic P-Si/N-GaAs generator.(B) The J-V curve of the dynamic P-Si/N-GaAs junction with a 6.0 N force. The contact area is 1.0 mm^2^. Green: The basal J-V curve of dynamic PN junction. Blue: The J-V curve of static PN junction.(C) The band diagram and carrier dynamic process of the dynamic P-Si/N-GaAs generator.(D) The band diagram and carrier dynamic process of the dynamic P-Si/SiO~2~/N-GaAs generator.(E) The V~oc~ and I~sc~ of the dynamic P-Si/N-GaAs generator with a 6.0 N force, a speed of 5.0 cm/s, and SiO~2~ thickness of 0/9/13/20/50/100/200 nm. The work area of the P-Si/N-GaAs junction is 1.0 mm^2^. Both the V~oc~ and J~sc~ are average value of voltage and current output.(F) The E and J~sc~ of the dynamic P-Si/N-GaAs generator with SiO~2~ thickness of 0/9/13/20/50/100/200 nm. The inset is the simulation of the experimental current density as a function of electric field.All data represent the mean ± SEM. For the line chart in (E), voltage and current were obtained using repeated measures.

Enhance the Interface Barrier Height by Inserting A Dielectric Layer {#sec2.3}
--------------------------------------------------------------------

Recently, there are some researches on the electron transfer in nanoscale contact electrification between the metal and insulator, which indicates the important role of light and temperature in the charge transfer process of metal-dielectric case ([@bib24], [@bib25]). To eliminate the electrical output caused by temperature, illumination, and humidity changes, we also have carried out experiments on the relationship between the V~oc~ of the dynamic PN junction generator with the humidity, illumination, and temperature of environment. We find that the temperature difference of semiconductors before and after the friction is very limited ([Figure S5](#mmc1){ref-type="supplementary-material"}) and voltage/current output of the dynamic PN generator shows limited change in the humidity environment of 25% or 50% and under different illumination ([Figure S6](#mmc1){ref-type="supplementary-material"}), which indicates that the illumination, humidity, and heat effect are ignorable for outputting electrical signal in our semiconductor-semiconductor case. For the proposed physical picture, the electrical output should be enhanced with the increase of built-in electric field and the interface barrier height of the dynamic PN junction. Therefore, P-type silicon wafers with different thickness (d) of silicon oxide are used here to prove this distinctive current generation mechanism and to reveal the hot carrier kinetic process in dynamic PN junction. We find that this dynamic P-i-N structure generator has a higher voltage output benefited from the increased interface barrier height ([@bib20], [@bib41]). As shown in the band diagram of dynamic N-GaAs/SiO~2~/P-Si junction ([Figure 2](#fig2){ref-type="fig"}D), the barrier height for bounding back charging electrons and holes is largely increased as the conduction/valence bands of SiO~2~ are much higher/lower than that of GaAs and Si ([@bib32]), generating a higher interface semiconductor-SiO~2~ barrier. The detailed one-dimensional band diagram and rectification characteristic of the P-Si/SiO~2~/N-GaAs junction is shown in [Figure S7](#mmc1){ref-type="supplementary-material"}, indicating the increase of the barrier height of the GaAs/SiO~2~/Si junction. When we move the N-GaAs wafer along the SiO~2~/P-Si substrate, the charging electrons and holes can also be reflected, moving toward the ohmic contact of N-GaAs and P-Si, respectively. The inserted SiO~2~ layer can largely suppress the transfer of electrons and holes, which acts as the barrier capacitance for the carriers charging. With the increasing of barrier height, more hot electrons and holes with higher energy will be charged and discharged in the barrier capacitance, leading to enhanced voltage output as high as the energy level difference between the valence band of semiconductor and the conduction band of dielectric layer. As shown in [Figure 2](#fig2){ref-type="fig"}E, the average V~oc~ and I~sc~ of the dynamic P-Si/N-GaAs junction with the SiO~2~ thickness of 0/9/13/20/50/100/200 nm are 0.7/0.9/1.2/1.6/2.2/3.1/4.0 V and 1.8/1.6/1.5/1.4/1.2/1.0/0.3 μA, respectively.

The P-Si/SiO~2~/N-GaAs generator is equivalent to a P-i-N capacitor, among which the P-Si and N-GaAs work as capacitor plate. The hot electrons and holes are generated under the large built-in electric field at the interface during the discharging process, which is decreased with SiO~2~ layer thickness. As a result of the high-energy hot carriers, the voltage output is near the difference of the valence band of P-type Silicon and conduction band of SiO~2~, which is near 4.2 V as observed in the case of 200 nm SiO~2~ in [Figure S8](#mmc1){ref-type="supplementary-material"} (under the large built-in electric field E as high as 2 × 10^5^ V/cm). With the decrease of electric field E, the possibility of hot carriers generated by the reflecting process is exponentially decaying; thus, a much lower current density was observed for the case of thick SiO~2~ that existed at the interface between P and N semiconductor, as shown in [Figure 2](#fig2){ref-type="fig"}F. It is confirmed experimentally that the voltage is still enhanced and even larger than the Fermi level difference between N- and P-type semiconductors when the thickness of the insulating layer is larger than 100 nm. It is inferred that the impact ionization should lead to the current transport through the insulating layer ([@bib4], [@bib16], [@bib13], [@bib42], [@bib8]), whereas other transportation processes such as inelastic hopping also cannot be neglected ([@bib51], [@bib52], [@bib44]), which will be studied in the following works. It is reasonable that some rebounded hot electrons/holes can involve in the impact ionization, since there are ultrahigh built-in electric field (E ≈ 3 × 10^5^ V/cm for the case of 100 nm SiO~2~ as shown in [Figure 2](#fig2){ref-type="fig"}F). The high-energy hot electrons are caused by the severely bounding back effect by the large internal field at the interface, leading to the impact ionization of the thick SiO~2~ layer as high as 100 nm, causing the current output. As shown in the inset of [Figure 2](#fig2){ref-type="fig"}F, the simulation of the experimental current density as a function of electric field shows the current density decay exponentially while the electric field decreases (the detail is listed in [Supplemental Information](#mmc1){ref-type="supplementary-material"}), which supports the phenomenon of conducting current by impact ionization through an insulator under an extremely high electric field ([@bib42], [@bib15], [@bib5], [@bib9], [@bib17], [@bib35]). The mathematical formula of this dependence can be described by: $\ J = 1.73 - 1.79 \times e^{- \frac{E}{393000}}$, indicating theoretical short-circuit current density of the dynamic P-Si/SiO~2~/N-GaAs generator is as high as 1.73 A/m^2^, similar to the experimental result of 1.8 A/m^2^. The demonstration of impact ionization-induced current transport further confirms the hot electron/hole production in the dynamic PN generator.

The Quantitative Relationship between Band-Gap Alignments of Semiconductor-Insulator-Semiconductor Structure and Voltage Output {#sec2.4}
-------------------------------------------------------------------------------------------------------------------------------

[Figure 3](#fig3){ref-type="fig"}A shows the voltage output of this dynamic P-Si/SiO~2~/N-GaAs generator in the circularly rotating mode, which can output a continual voltage as high as 3.1 V under the consistent movement. In addition, the V~oc~ outputs of the dynamic P-Si/SiO~2~/N-GaAs generator in parallel, two-series, and three-series are 3.1/6.1/9.0 V, indicating the linear superposition effect and integration potential of our devices, which can effectively enhance its voltage output and expand its applications. Furthermore, we use the layered semiconductors such as MoS~2~ and achieve a dynamic P-Si/MoS~2~ junction with ultrafast carrier dynamics process to illustrate the detailed carrier transportation at the interface ([@bib14], [@bib21], [@bib27], [@bib50], [@bib54]). The electrons and holes in the dynamic P-Si/MoS~2~ junction can also be continuously rebounded back by the built-in electric field during the discharge process, generating hot carriers and stable voltage output. As shown in [Figure 3](#fig3){ref-type="fig"}B, the average voltage and current output of the dynamic MoS~2~/Si generator with a working area of 0.05 mm^2^ and different resistivity of Si substrate are 0.7/1.2/1.5/1.6/1.7 V and 120.1/70.4/38.1/24.0/16.5 A/m^2^, respectively. The higher carrier concentration of the silicon wafer leads to a higher current output but lower voltage output, which is attributed to the larger built-in electric field. The built-in electric field is associated with the concentration of electrons and holes of semiconductors at each side. With the increase of the carrier concentration, the built-in electric field is enhanced, generating more hot carriers in the interface thus increasing the current output. At the same time, the barrier height of the MoS~2~/Si junction decreases when the carrier concentration increases, which is due to the carriers transfer between MoS~2~ and Si, leading to the decrease of voltage output. As a result of the ultrahigh built-in electric field, these hot carriers can locate at the quasi Fermi level higher than the equilibrium Fermi level of semiconductor, leading to the output voltage being higher than the Fermi level difference of two semiconductors.Figure 3The Confirmatory Experiment Based on Dynamic P-i-N Junctions(A) The V~oc~ of the dynamic P-Si/100 nm-SiO~2~/N-GaAs generator in one-series, two-series, and three-series with a 6.0 N force, a speed of 5.0 cm/s. Inset: The schematic image of series connection of the dynamic PN junctions.(B) The voltage and current output of dynamic MoS~2~/Si generator with different resistivity of Si substrate.(C) The relationship between the voltage output and interface barrier height.(D) One-dimensional band alignment of conduction and valence band edges for various dielectric layers (SiO~2~, Al~2~O~3~, ZnO, HfO~2~, AlN, Graphene) and semiconductors (Si, MoS~2~).(E) The band diagram and carrier dynamic process of the dynamic P-Si/AlN/MoS~2~ generator.All data represent the mean ± SEM. For the line chart in (B), voltage and current were obtained using repeated measures.

To quantitatively reveal the physical mechanism of hot carriers effect in the interface barrier between P-type and N-type semiconductors, various interface dielectric layers are inserted into the dynamic PN junction generator, respectively. The detailed relationship between the voltage output and interface barrier height is shown in [Figure 3](#fig3){ref-type="fig"}C. The average voltage output of various dynamic PN junctions with the barrier height of Si and SiO~2~/Al~2~O~3~/ZnO/HfO~2~/AlN/graphene interface barrier of 4.2/4.2/0.8/2.8/5.3/0.6 eV is 4.0/4.1/0.7/2.5/5.1/0.7 V, respectively. The one-dimensional band alignment of conduction and valence band edges for various dielectric layers (SiO~2~, Al~2~O~3~, ZnO, HfO~2~, AlN, graphene) and semiconductors (Si, MoS~2~) is shown in [Figure 3](#fig3){ref-type="fig"}D ([@bib21], [@bib53], [@bib26]). According to the band structure relativities, the AlN layer with negative electron affinity behaved the highest barrier height, which is supposed to achieve the highest voltage output according to the above-mentioned physical mechanism based on the hot electrons transport induced by the ultrahigh built-in electric field in the dynamic PN structure ([@bib26]). As shown in the band diagram of the dynamic P-Si/AlN/MoS~2~ junction ([Figure 3](#fig3){ref-type="fig"}E), the hot carriers will be rebounded back to the P-Si and MoS~2~ in the effect of interface barrier, leading to a stable potential difference and voltage output between two electrodes. The inserted AlN layer can largely enhanced the barrier height, and more high-energy hot carriers will charge and discharge in the interface of two semiconductors, leading to enhanced voltage output as high as the energy level difference between the valence band of Si and the conduction band of AlN. As a result of the continuous discharging process, the quasi Fermi level of the dynamic PN junction is different from the equilibrium Fermi level of the static PN junction and a voltage output as high as 5.1 V has been achieved. This experimental result is in accordance with our expectation, indicating the validity of our proposed physical mechanism. The rectification characteristic of the dynamic P-Si/AlN/MoS~2~ junction from −5 to 5 V is also measured. As shown in [Figure S9](#mmc1){ref-type="supplementary-material"}, the interfacial carrier dynamic process varies when the P-Si/AlN/MoS~2~ contact is under the dynamic process, which helps testifying the above-proposed theory. As the graphene is monolayer thick, the built-in electric field of the PN junction cannot be screened by the graphene layer ([@bib57]) and its impact on the junction capacitance is minimal (the rectification characteristic of Si/graphene/MoS~2~ junction is shown in [Figure S10](#mmc1){ref-type="supplementary-material"}). As monolayer graphene cannot screen the electric field ([@bib57]), the barrier height of the Si/graphene/MoS~2~ junction is almost unchanged; thus, the voltage output of the dynamic P/graphene/N junction should be the same as that of the dynamic P/N junction. According to the experimental result ([Figure 3](#fig3){ref-type="fig"}E), the MoS~2~/Si and MoS~2~/graphene/Si output the similar voltage, concluding that the physical picture of the rebounding effect under capacitance discharging process of the dynamic PN junction is self-consistent.

Potential Practical Applications and Future Outlook of Our Dynamic P-Si/AlN/MoS~2~ Junction {#sec2.5}
-------------------------------------------------------------------------------------------

Finally, a V~oc~ as high as 5.1 V and the average J~sc~ as high as 112.0 A/m^2^ can be achieved, which is about three orders of magnitude higher than that of the reported triboelectric nanogenerators ([@bib46], [@bib48]). To demonstrate the power output of our generator, the voltage and current outputs as a function of electrical load R have been investigated and shown in [Figure 4](#fig4){ref-type="fig"}A. As shown in the equivalent circuit diagram of the dynamic PN junction (inset of [Figure 4](#fig4){ref-type="fig"}A), its working circuit consists of a series resistance (R~s~), a recombination generated parallel resistance (R~p~), and a load resistance (R~L~). An increasing voltage and decreasing current density can be measured with the increase of load resistance. The power conversion efficiency of the dynamic PN junction generator can be expressed as below:$$\text{PCE} = \frac{P_{max}}{P_{in}} = \frac{V_{oc} \times J_{sc} \times FF}{P_{in}} = \frac{V_{max} \times J_{max}}{P_{in}} = \frac{V_{max} \times J_{max}}{F \times v}$$where V~oc~ is the open-circuit voltage of the generator and J~sc~ is the short-circuit current density of the generator. FF is the fill factor of the generator. V~max~ is the working voltage of the generator under the maximum power output and J~max~ is the working current density of the generator under the maximum power output. F is the force of friction between two semiconductors and v is the moving speed of the semiconductor wafer. We should emphasize that our output power is calculated with the average working voltage and current density of the direct-current generator in 8.0 s and 200 points. According to [Equation 4](#fd4){ref-type="disp-formula"}, the power density output as a function of electrical load R~L~ has also been investigated and shown in [Figure 4](#fig4){ref-type="fig"}B. The peak power density about 130.0 W/m^2^ can be found around R~L~ equals to 360 kΩ, which is close to the internal resistance of the PN junction (R~s~ + R~p~). And the energy-conversion efficiency of the moving Si/MoS~2~ junction generator can be calculated to be about 32.5% (the calculation is listed in [Supplemental Information](#mmc1){ref-type="supplementary-material"}).Figure 4The Electrical Properties of Dynamic P-Si/AlN/MoS~2~ Generator and Its Application(A) V~oc~ and J~sc~ output as a function of electrical load R. Both the V~oc~ and J~sc~ are the average value of voltage and current output. Inset: equivalent circuit.(B) The power density output as a function of electrical load R.(C) The circuit diagram of the LED lighting experiment and pictures taken from video to show the luminance of an LED powered by our dynamic PN generator.(D) The direct voltage and current output of the dynamic P-Si/AlN/MoS~2~ generator for 60 min continuously, with an electrical load R of 360 kΩ.(E) The time-varying force applied and corresponding direct voltage output of the dynamic PN junction.(F) The linear fitting direct voltage output of the dynamic PN junction under the constant force of 2 and 6 N.All data represent the mean ± SEM. For the line chart in (A) and (B), voltage and current were obtained using repeated measures.See also [Video S1](#mmc2){ref-type="supplementary-material"}.

To explore the advantages of our dynamic PN junction generator and its potential practical applications, we use the electricity generated by our devices to light up a blue LED without any external rectifying circuits and energy storage units directly (the picture of experimental model is shown in [Figure S11](#mmc1){ref-type="supplementary-material"}). This LED can be lit up only when the drive voltage is over 2.7 V. Each of MoS~2~/AlN/Si generators can provide a nearly 5.1 V voltage output, which can be used to provide enough voltage output for lighting a blue LED. So this dynamic MoS~2~/AlN/Si generator can light up the blue LED as shown in [Video S1](#mmc2){ref-type="supplementary-material"}, "blue LED lighting experiment," related to [Figure 4](#fig4){ref-type="fig"}C (the circuit diagram of the LED lighting experiment is shown in [Figure 4](#fig4){ref-type="fig"}C). The blue light LED is lighted simultaneously with the movement of the PN junction, indicating the output of a continuous direct current (the right inset). [Figure 4](#fig4){ref-type="fig"}C shows the picture of the LED powered by our dynamic PN generator. Compared with the conventional triboelectric nanogenerator with pulsed alternating current output characteristics, this dynamic PN junction generator realizes constant current output based on the physical mechanism as mentioned earlier, which is demonstrated to power LED directly without any external rectifying circuits and energy storage units, providing a feasible way to meet the increasing demand of *in situ* energy acquisition technology.

Video S1. Blue LED Lighting Experiment, Related to Figure 4C

Notably, as MoS~2~ is a lubricating material, the dynamic P-Si/AlN/MoS~2~ PN junction generator shows long-term continuous electricity generation. As shown in the direct and continuous voltage and current output of the dynamic P-Si/AlN/MoS~2~ with an electrical load R~L~ of 360 kΩ ([Figure 4](#fig4){ref-type="fig"}D), this dynamic P-Si/AlN/MoS~2~ generator can work continuously for 60 min, demonstrating the proposed mechanism and potential applications of the dynamic PN generator. However, there are some slight oscillations and degradation during the movement. The current oscillation that superposes on this direct-current output can be explained by the variation of the force applied on the dynamic PN junction. To prove the electric oscillation is caused by the force change, we measured the voltage output and corresponding pressure applied in dynamic PN junction synchronously, which both behave a stable periodicity under the circularly rotating mode ([Figure 4](#fig4){ref-type="fig"}E). And the maximum peaks and minimum peaks correspond one by one with almost the same amplitudes, indicating the positive correlation of the force and voltage output. On this basis, we demonstrate a pressure sensor, which outputs the periodic voltage signal under a periodic force source. Furthermore, through the linear fitting simulation method, a continuous and smooth output can be achieved under the unique pressure of 2 and 6 N, indicating that a continuous stabilized voltage output can be realized under a constant force ([Figure 4](#fig4){ref-type="fig"}F). On the other hand, we attribute the direct current output degradation of the dynamic P-Si/AlN/MoS~2~ generator after the long-term work to the residual of lamellar MoS~2~ on the surface, which can be easily removed with alcohol wiping. As shown in [Figure S12](#mmc1){ref-type="supplementary-material"}, scanning electron microscope images of the P-Si/AlN surface at different time points are measured to show the surface morphology change of the AlN/P-Si substrate. As a typical layered semiconductor material, the surface of MoS~2~ does not show obvious change during the movement, leading to the continuous voltage and current output before the continuous operation of 10 min. However, with the long-term work, it becomes common that P-Si/AlN with higher hardness will slightly wear MoS~2~ with lower hardness, leading to the wear of the lamellar MoS~2~, causing the slight degradation of the dynamic P-Si/AlN/MoS~2~ generator. Those MoS~2~ can be easily removed with alcohol wiping and the performance of the generator can be recovered, which indicates that the dynamic PN junction generator is "reusable." However, more follow-on studies are necessary for this dynamic PN junction direct-current generator to be applied in specific application field.

Discussion {#sec3}
==========

In this article, we have pioneered a direct-current generator based on the dynamic PN junction, where two semiconductors with different Fermi levels move with each other, such as the N-GaAs/P-Si junction. The mechanism is proposed based on the rebounding effect of otherwise diffused electrons/holes as well as the capacitive charge/discharge process of the PN junction capacitance during the movement, which is originated from the establishment and disappearing of the depletion layer. Through inserting a dielectric layer at the interface of the PN junction, the output voltage can be delicately improved and designed numerically according to the energy level difference between the valence band of P-type semiconductor and the conduction band of dielectric layer. Herein, a dynamic PN generator with a high voltage of 5.1 V, current density of 112.0 A/m^2^ (11.2 mA/cm^2^), power density of 130.0 W/m^2^ and energy-conversion efficiency of 32.5% has been realized based on the MoS~2~/AlN/Si structure, which can power the LED without any external circuits timely and directly. The voltage, current, and output power of the dynamic PN generator can be further enhanced through designing the interface array structure of semiconductors by being connected in series or in parallel and optimizing the carrier barrier layer of the dynamic PN junction. Especially, this dynamic P-Si/AlN/MoS~2~ generator can work continuously for 60 min, demonstrating the proposed mechanism and potential applications of the dynamic PN generator. This dynamic PN generator with sufficient current density has many promising applications in many fields where mechanical energy is available.

Limitations of the Study {#sec3.1}
------------------------

Dynamic PN junctions generate high current density direct current by mechanically moving N-type semiconductor over P-type semiconductor. In some cases, semiconductor with higher hardness will slightly wear semiconductor with lower hardness, leading to the wear of the semiconductor with lower hardness, causing the slight degradation of the dynamic PN generator, which we overcome through using layered semiconductor material such as MoS~2~ in this article. However, more follow-on studies are necessary for this dynamic PN junction direct-current generator to be applied in specific application field, especially in the low-frequency disordered mechanical motion, such as the human motion and wind and ocean energy.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S12
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